The anterior cingulate and reward-guided selection of actions. J Neurophysiol 89: 1161-1164, 2003; 10.1152/jn.00634.2002. Macaques were taught a reward-conditional response selection task; they learned to associate each of two different actions to each of two different rewards and to select actions that were appropriate for particular rewards. They were also taught a visual discrimination learning task. Cingulate lesions significantly impaired selection of responses associated with different rewards but did not interfere with visual discrimination learning or performance. The results suggest that 1) the cingulate cortex is concerned with action reward associations and not limited to just detecting when actions lead to errors and 2) that the cingulate cortex's function is limited to action reinforcer associations and it is not concerned with stimulus reward associations.
Hadland, K. A., M.F.S. Rushworth, D. Gaffan, and R. E. Passingham. The anterior cingulate and reward-guided selection of actions. J Neurophysiol 89: 1161-1164, 2003; 10.1152/jn.00634.2002 . Macaques were taught a reward-conditional response selection task; they learned to associate each of two different actions to each of two different rewards and to select actions that were appropriate for particular rewards. They were also taught a visual discrimination learning task. Cingulate lesions significantly impaired selection of responses associated with different rewards but did not interfere with visual discrimination learning or performance. The results suggest that 1) the cingulate cortex is concerned with action reward associations and not limited to just detecting when actions lead to errors and 2) that the cingulate cortex's function is limited to action reinforcer associations and it is not concerned with stimulus reward associations.
I N T R O D U C T I O N
The cingulate cortex may be needed to detect when actions lead to errors and less rewarding outcomes. Field potentials and single unit activity can be recorded in the cingulate region when monkeys make errors (Gemba et al. 1986; Niki and Watanabe 1979) and muscimol inactivation or lesion disruption here prevents monkeys from withholding responses once they are less rewarded and changing to a different response (Rushworth et al. 2003; Shima and Tanji 1998) . The blood oxygen level dependent (BOLD) signal increases in the human cingulate cortex when reward levels are reduced and responses should be changed (Bush et al. 2002) and when response uncertainty and conflict suggest that errors are more likely to be made Carter et al. 1998) . It is, however, possible that the cingulate cortex has a more general role in the linking of actions to outcomes, both when outcomes are negative, i.e., errors, and when outcomes are positive, i.e., rewards. It is now clear that cingulate single unit activity is modulated when rewards are received and that such sensitivity is greater than that seen in adjacent regions such as the presupplementary motor area (Akkal et al. 2002) .
To examine the role of the cingulate cortex in linking actions and rewards, we taught six monkeys a reward-conditional response selection task. The task taught monkeys to associate each of two different actions to each of two different rewards and to select actions that were appropriate for particular rewards. In each trial monkeys were given one of two possible free rewards, a pellet or a peanut. One reward, the pellet, instructed monkeys to pull a joystick and correct performance was reward with another pellet. If the trial began with a free peanut, then monkeys were to turn the joystick and correct performance was followed by another peanut. In other words the monkeys were exposed to the following associations: reward A-response 1-reward A and reward B-response 2-reward B. The cingulate cortex was removed bilaterally in three animals and their performance was compared with that of control animals. In addition to investigating the cingulate role in learning response reward associations, we also wanted to investigate its role in stimulus reward learning. The monkeys were, therefore, also taught a visual discrimination learning task that required them to choose between pairs of visual stimuli. Only one stimulus in each pair was associated with reward.
M E T H O D S

Subjects
Six male rhesus macaque monkeys, aged between 3 and 4 years and weighing between 4.4 and 5.9 kg, were used in these experiments. After preoperative training and testing, anterior cingulate lesions were made in three of the animals (CING7, CING8, CING9). The other three animals served as controls. The studies were carried out under project and personal licenses from the British Home Office.
Surgery
All surgery was carried out under sterile conditions with the aid of a binocular microscope and barbiturate anesthesia was used during surgery. The method has previously been described in detail (Parker and Gaffan 1997) . The bilateral lesion of the cingulate gyrus and sulcus was made by aspiration with a fine gauge sucker. The posterior limit in the cingulate sulcus was an imaginary line drawn from the spur of the arcuate sulcus through the midpoint of the precentral dimple. The posterior limit of the lesion in the cingulate gyrus was more posterior and approximately 10 mm anterior to the level of the central sulcus at the interhemispheric fissure. The lesion continued anteriorly along the length of the cingulate sulcus and gyrus and its anterior limit was an imaginary line between the tips of the rostral sulcus and cingulate sulcus. The posterior and supracallosal part of the lesion extended ventrally to the corpus callosum, while the more anterior part of the lesion extended ventrally to the rostral sulcus. Strips of supporting tissue were spared underneath the ascending branches of the anterior cerebral artery (Parker and Gaffan 1997) .
Histology
Histology was prepared using the same method as described previously (Parker and Gaffan 1997) . Coronal 50 m sections were prepared and stained with cresyl violet. In Fig. 1 , for each animal, we have presented coronal sections at the level of the bow of the arcuate sulcus because it is used as a reference point when subdividing the cingulate cortex into component areas. We have then presented two more sections anterior to this level, at distances of 2 mm, and one section from a position 2 mm more posterior. The lesion consistently included the cingulate sulcal tissue anterior to the level of the bow of the arcuate and therefore probably includes the more rostral cingulate motor regions (Luppino et al. 1994; Strick et al. 1998 ).
Experiment 1: Reward conditional response selection
APPARATUS.
The monkeys sat in a wheeled transport cage 10 cm from a joystick that could be moved in two directions. Pellet (Noyes formula L/I, Research Diets Inc., New Brunswick, NJ) and peanut deliveries were independently controlled from two feeders both connected to the same centrally located food-well. A food-box on one side of the food well was opened at the end of the day's testing and contained proprietary monkey food and fruit. The task was controlled by a computer to which the joystick was connected.
TASK.
Monkeys were taught to pull the joystick upward after receipt of a pellet to obtain a second pellet and to turn the joystick to the side after receipt of a peanut to receive a second peanut. If the wrong response was made, then no second reward was delivered. The identity of the initial "free" reward was determined pseudo-randomly by the computer program. A re-run correction schedule was used during training but not during the preoperative and postoperative tests. Each day's testing continued until 60 correct responses were made. Daily sessions continued until a criterion of 90% correct performance over 2 days was reached. Performance tests were carried out over two 5-day periods prior to surgery and a 5-day postoperative test was carried out 3 weeks after surgery.
Experiment 2: Visual discrimination learning
APPARATUS.
Visual stimuli were presented on a 20-in. color computer visual display unit (VDU), fitted with a touch-sensitive screen.
Two independently controlled feeders were used, one contained sucrose pellets (Noyes formula F, Research Diets) and the other contained chocolate drops, but both were connected to the same centrally located metal food-well. A food-box on one side of the food well was opened at the end of the day's testing and contained proprietary monkey food and fruit. The monkeys sat in a wheeled transport cage 20 cm from the VDU.
TASK.
First monkeys were given pretraining to touch stimuli presented on the touch-screen monitor. Monkeys were then taught to discriminate the rewarded stimulus in one pair of stimuli. Monkeys were then taught further training sets involving one, two, and five stimulus pairs, until they were able to perform at more than 90% correct on sets of 100 problems involving equal numbers of all 10 stimuli pairs. Each day's testing continued until the monkey made 100 correct responses. Each correct stimulus was only ever associated with just one reward type, either the sucrose pellet or the chocolate drop throughout testing and training. Our intention had originally been to use the stimuli in a reward devaluation procedure (Baxter et al. 2000; Malkova et al. 1997) . Prior to surgery performance on tests of all 10 discrimination pairs was assessed on two periods each of 5 days. A similar 5-day test of all 10 discrimination pairs was also carried out postoperatively. The visual discrimination performance tests were carried out immediately after the reward-conditional performance tests in both the preoperative and the postoperative periods. Thus the inter-test interval for the pre-and postoperative tests of visual discrimination and reward-conditional response selection were equal. The postoperative new learning of a second, previously unseen, set of 10 discrimination pairs was also compared. The training schedule used during new postoperative learning required the animals to first learn five pairs of the set to a level of 70% correct, then the next five pairs to a level of 70% correct. The animals were then tested in sessions in which all 10 stimuli were presented until they reached the 90% criterion in two consecutive sessions. The total number of errors made before reaching the criterion of 90% correct in two consecutive sessions was measured.
Analyses
The results of both experiments were each analyzed in the same way with analysis of variances (ANOVAs; two levels between subject factor of Group: lesion and control; three levels within subject factor of Session: preoperative sessions 1 and 2 and postoperative session), using Huynh-Feldt corrections where appropriate. Planned between subject one-tailed t-tests were used to compare postoperative performance of the lesion and control groups and planned within subject one-tailed t-tests were used to compare preoperative and postoperative performances within the lesion group. SPSS (version 10) was used to calculate t-tests. Separate variance estimates were used and the degrees of freedom were reduced according to the Welch-Satterthwaite correction procedure whenever Levene's test revealed that the variances of the two groups were not equal (Howell 1992) .
R E S U L T S Experiment 1: reward conditional response selection
The results for the two groups of animals on the preoperative and postoperative tests are summarized in Fig. 2 . The ANOVA revealed a significant interaction between Group and Session (F ϭ 11.824, df ϭ 2, 8, P ϭ 0.004). From Fig. 2 it is clear that this is due to the much poorer performance of the lesion group on the postoperative test. This was confirmed by the between groups t-test, which showed that the postoperative performance of the lesion group was worse than that of the control group (t ϭ 3.106, df ϭ 2.273, P ϭ 0.038), and within subjects t-test, which showed that the performance of the lesion group was worse postoperatively than it had been on either the first preoperative test (t ϭ 3.492, df ϭ 2, P ϭ 0.037) or the second preoperative test (t ϭ 4.187, df ϭ 2, P ϭ 0.027). In summary, it was clear that cingulate lesion impaired reward-conditional response selection.
Experiment 2: visual discrimination learning
The results for the two groups of animals on the two preoperative tests and the postoperative test are summarized in Fig. 3A . The ANOVA revealed no significant effects. There was no main effect of Group (F ϭ 0.772, df ϭ 1, 4, P Ͼ 0.1), Session (F ϭ 1.480, df ϭ 2, 8, P Ͼ 0.1), or interaction between Group and Session (F ϭ 0.04, df ϭ 2, 8, P Ͼ 0.1). There was no difference between the postoperative performance of the control and lesion groups and the cingulate removal did not significantly impair performance within the lesion group in comparison to either the first or the second preoperative test (t Ͻ 1, df ϭ 2, P Ͼ 0.1 in all cases). The new learning performance of the two groups of animals on a new set of 10 discrimination pairs was also measured and the results are shown in Fig. 3B . On average the animals with cingulate lesions performed better than the control animals but there was no significant difference between the groups (t ϭ 1.45, df ϭ 2, P ϭ 0.284). In summary, there was no evidence that cingulate lesions impaired either retention or new learning of visual discriminations.
D I S C U S S I O N
Cingulate cortex lesions impaired the ability to select actions on the basis of rewards with which the actions were associated. It has previously been shown that cingulate neural activity is modulated more when decreasing reward levels instruct the selection of a different response than when visual or auditory stimuli instruct the same response changes (Bush et al. 2002; Shima and Tanji 1998) . Cingulate inactivation impairs the ability to switch responses when selection is instructed by decrements in reward level but not when it is instructed by an auditory signal (Shima and Tanji 1998) . The present results, however, show that the cingulate cortex is not just concerned with action-reinforcer links under conditions of negative reinforcement when errors are made or rewards decrease but that it has a more general role in linking actions even with positive reinforcers. This possibility was discussed by Shima and Tanji (1998) . This is consistent with the relatively high concentration of reward-sensitive cells in the cingulate sulcus (Akkal et al. 2002; Shidara and Richmond 2002) and suggestions that the cingulate cortex may act as an interface for limbic and motor systems (Morecraft and Van Hoesen 1998; Paus 2001) . The consequences of cingulate disruption recorded here and by Shima and Tanji (1998) can be contrasted with the opposite patterns of impairment seen after disconnection of the frontal lobe's connections with the temporal lobe, by uncinate fascicle section, when response selection conditional on external sensory cues is impaired, while reward-conditional selection is unimpaired (Eacott and Gaffan 1992) .
The previous studies that have emphasized error sensitivity in the cingulate cortex have used paradigms where only errors, and not rewards, have implications for behavior. Subjects simply repeat the same responses again and again until an error indicates that a new response selection must be made (Bush et al. 2002; Shima and Tanji 1998) . In the present study, however, the nature of the reward also has implications for which response should be selected next. Such sensitivity to both rewards and errors could underlie the role proposed for this area in trial and error learning (Procyk et al. 2000) .
The monkeys could have selected responses on the basis of external sensory differences between the two different rewards in the reward conditional response selection task. The present data, therefore, do not rule out the possibility of a fundamental impairment in all aspects of response selection. Such a possibility, however, was ruled out in the previous experiment conducted by Shima and Tanji (1998) , who showed that muscimol injections in the cingulate cortex did not impair response selection when it was guided by an external sensory stimulus. Further evidence for the dissociability of response selection according to the mode of instruction is provided by the observation, mentioned above, of the opposite pattern of deficit when the frontal and temporal lobes are disconnected (Eacott and Gaffan 1992) .
The present results also establish that the cingulate cortex is concerned with action-reward relationships more than it is with stimulus-reward relationships; cingulate removal did not impair learned visual discriminations or the new learning of more visual discrimination pairs. The human cingulate may also be more concerned with the outcomes of actions than with the associations of stimuli (van Veen et al. 2001) . Although the present results clearly establish that the cingulate cortex is essential for action-reward associations, the precise nature of its contribution to such associations remains unclear. Animals are known to develop specific expectations about which type of reward will follow a response (Tinklepaugh 1928; Watanabe 1996) . The reward conditional action selection paradigm used in the present experiment manipulates both the expectations about the reward outcomes of the different actions and the requirement that action selection should change as rewards change. It is hoped that these different processes can be dissociated in future studies.
